It is probable that ‘The Farm Beneath the Sand’ will come to stand for a revolution ir
archaeological investigation. The authors show that a core of soil from an open eld can pra
a narrative of grazing animals, human occupation and their departure, just using DNA an
AMS dating. In this case the conventional archaeological remains were nearby, and the seq
obtained by the old methods of digging and faunal analysis correlated well with the story fron
core of ancient ‘dirt DNA. The potential for mapping the human, animal and plant experienc
of the planet is stupendous.
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Introduction

It is generally known among archaeologists that ancient DNA can be obtained from

macrofossil remains such as bones and teeth. It is perhaps less recognised that anciel

DNA can also be retrieved directly from ancient sediments, ice and faeces, even in the

absence of visible macrofossils (commonly referred to as ancient ‘dirt’' DNA) (e.g. Hofreiter

et al 2003; Willerslegt al 2003, 2007; Gilbert al 2008). For example, it has been shown

that ancient DNA deriving from diverse micro-organisms, various plants and vertebrates,

including mammoth, horse, bison and musk oxen, can be retrieved directly from small

amounts (less than 2g) of sediments both under frozen and non-frozen conditions (Hofreiter

et al 2003; Willersleet al 1999, 2003, 2004a & b; Lydolpdt al 2005; Hansert al

2006; Haileet al 2007; Johnsoat al 2007). This has allowed detailed reconstructions of

palaeo-ecosystems in Siberia, North America and New Zealand and makes it possible, for
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Figure 2. Building remains were located in the dotted area, and the core was taken from the area of the smaller circle. Wi
the core, stratum 2 represengtheansurface and stratum 3 is mostly of anthropogenic origin. The strata above strata 3
represent the periodic ooding and sedimentation that took place after the depopulation of the GUS farm (Schweger 19
Survey by Arneborg, Kapel and Nyegaard 1993. The generalised stratigraphic relationships in the large circle were pub
by Schweger in Arneborg & Gullgv (ed.) 1998: 14.

if such ‘dirt’ DNA can be used in a quantitative assay to estimate the relative change of
livestock through time and comparing the DNA results to the well-described bone record
from the GUS site.

Materials and method
Sample acquisition

Charles Schweger, University of Alberta, collected the sample in 1995. The core Sch 6-26-
95-2 (Schweger’s 6 June 1995 core) was located 51.1m upstream from the datum point
established at the archaeological site proper (Figure 2). A small trench behind the exposed
face of the steep slope was excavated down close to the black cultural layers to let the per-
mafrost melt and then a pipe was driven down into the sediment 50-200mm behind the
exposed face in order to recover uncontaminated material. The pipes were then excavated
and removed, the open ends were capped, the pipes labelled and then stored in a cool place
In Nuuk, arrangements were made to ship the cores to Edmonton and University of Alberta.
When they arrived 4-6 weeks later they were immediately placed in the freezer. The pipe
remained sealed and was sent to the ancient DNA laboratory in Copenhagen on dry ice on
10 February 2004 where it was immediately frozed4atC. In Copenhagen the
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0.35-0.40m-long core was divided into two. One part was left in the freezer while
the other was spiked with recognisable bacterial vector DNA (pCR4-TOPO, Stratagene)
on the surface to detect contamination occurring in the sampling and handling process
(Willerslewet al 2003, 2004b; Hanseat al 2006). Seven minor cores of 50mm in diameter
were drilled from the surface. The outermost 10mm was removed with a sterilised microtome
knife to remove material likely to be contaminated. The rest of the samples for DNA
processing were examined for the bacterial vector to reveal whether DNA from the outside
had penetrated into the sample.

Sample description

The core included the stratigraphic sequences as seen in Figure 2 (and Schweger 1998: 15
On top, a grey sandy layer of medium-coarse sand supposed to have been deposited ol
top of the anthropogenic sailfterthe Norse farm had been abandoned. Below that, dark
sediment of anthropogenic origin is supposed to represent the settlement peariéddfrom

1000 toc. AD 1400 according to AMS-dates from the farm building itself (Arnebalrg

1998; Arneborg 2004: 240). For AMS dating two samples (AAR-10814 and AAR-10704)
were taken from the sandy layer on top of the dark organic anthropogenic layers respectively
25mm and 60mm below the surface of the core. Another ve samples (AAR-10811, AAR-
10812, AAR-10813, AAR-10705 and AAR-10810) are from the anthropogenic soil 100mm,
140mm, 180mm, 225mm and 260mm below surface (Table 1).

Dating

The seven samples were homogenised individually and approximately 2g per sample wer:
sent to dating. Bulk carbon were dated using a fraction of the soil prepared for DNA
analyses at Aarhus AMS Dating Centre using a tandem accelerator counting the individual
14C atoms.

DNA extraction and amplibcation

Pre-PCR work was carried out in dedicated ancient DNA facilities using strict protocols
(Hebsgaaret al.2005; Willerslev & Cooper 2005). Primary analyses were performed
in the Ancient DNA Laboratory at the Centre for Ancient Genetics, University of
Copenhagen, Denmark. Independent replication was completed in the Ancient DNA
Research Laboratory, Murdoch University, Australia. DNA was extracted and puri ed from
0.25¢g (wet weight) of sediment by using established protocole{BL2S00; Willerslev

et al.2003, 2004a). General 16S mammal primers (Maml1 and Mam2) and a number of
more speci c ones were used to amplify DNA (Table 2). PCR ampli cations were performed
in 25ul reaction volumes withu® of GATC mix (20mM/0.2%l of dNTPs+ ddH,0),

2.5ul of each primer, 2/8 of MgSQ, 0.2ul High Fidelity (HiFi) enzyme (Invitrogen,
Carlsbad, CA) with 2,8 of HiFi buffer, in addition to &l of BSA. PCR conditions were:

2 min at 92 C initial; 50 cycles (45 sec at 94 C, 45 sec at 55 C, 45 sec at 72 C); and
10 min 68 C nal.
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Table 1. AMS dates for the samples.

Sample  Collection
AAR-# type site

mm below“C Age
surface (BP)

Calibrated age
(1 & 2 sigma ranges)

§3C (%)
VPDB

AAR-10814 Bulksoil Greenland 25
SCH6.26.95.2

AAR-10704 Bulk soil Greenland 60
SCH6.26.95.2

AAR-10811 Bulksoil Greenland 100
SCH6.26.95.2

AAR-10812 Bulksoil Greenland 140
SCH6.26.95.2

AAR-10813 Bulk soil Greenland 185
SCH6.26.95.2

AAR-10705 Bulk soil Greenland 225
SCH6.26.95.2

AAR-10810 Bulk soil Greenland 260
SCH6.26.95.2

398¢ 47 68.2% probability §$25.23
AD 1440(53.9%) AD 1520
AD 1590 (14.3%) AD 1620
95.4% probability
AD 1430 (60.8%) AD 1530
AD 1540 (34.6%) AD 1640
(IntCal04)

376% 32 68.2% probability
AD 1450 (51.2%) AD 1520
AD 1590 (17.0%) AD 1620
95.4% probability
AD 1440 (57.6%) AD 1530
AD 1550 (37.8%) AD 1640
(IntCalo4)

598 39 68.2% probability
AD 1305 (53.6%) AD 1365
AD 1385 (14.6%) AD 1405
95.4% probability
AD 1290 (95.4%) AD 1420
(IntCalo4)

567& 41 68.2% probability
AD 1310 (39.7%) AD 1360
AD 1380 (28.5%) AD 1420
95.4% probability
AD 1290 (95.4%) AD 1440
(IntCalo4)

770% 55 68.2% probability
AD 1215 (68.2%) AD 1285
95.4% probability
AD 1150 (93.3%) AD 1310
AD 1360 (2.1%) AD 1390
(IntCalo4)

792%& 30 68.2% probability
AD 1222 (68.2%) AD 1262
95.4% probability
AD 1185 (2.4%) 1200
AD 1505 (93.0%) AD 1280
(IntCal04)

903% 36 68.2% probability
AD 1040 (34.6%) AD 1100
AD 1110 (33.6%) AD 1180
95.4% probability
AD 1030 (95.4%) AD 1220
(IntCal04)

$25.49

$26.85

$27.62

$27.11

$26.50

$26.75
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Table 2. PCR Primer used in this study.

Name Organism Sequence

Mam 1 Diverse mammals CGGTTGGGGTGACCTCGGA

Mam 2 Diverse mammals GCTGTTATCCCTAGGGTAACT
Mam 1b Diverse mammals TGGGGTGACCTCGGAGAA

EQ1 Horses CGTGCATTAAATTGTTTGCC

EQ2 Horses CATGGGAGGTGATATGCGTG

Pig 1 Pig CTTTAAAACAAAAAAACCCATAAAAA
Pig 2 Pig TTAATGCACGACGTACATAGG
MitMH-732 F Dog, Fox, Seal ATGGTTTCTCGAGGCATGGTG
MitMH-878 R Dog, Fox, Seal GCCCCATGCATATAAGCATGTAC
L0624 Reindeer ATCTCACCTAAAATCGCCCACT
H0682 Reindeer CCAAATGTATGACACCACAGTTATG
Phoca 975F Seal CTGCGTCGAGACCTTTACGG
Phoca 1071R Seal GGACTAATGACTAATCAGCC

12So Diverse mammals GTCGATTATAGGACAGGTTCCTCTA
12Sa Diverse mammals CTGGGATTAGATACCCCACTAT

Cloning and sequencing

The PCR products were cloned and sequenced. One to two amplicons per sample were
pooled, cloned (Topo TA cloning, invitrogen), puri ed and sequenced in one direction. The
resulting sequences were aligned and investigated for possible recombination as suggest
in Willerslewet al.(1999).

Sequence identibcation

DNA sequences were assigned to a taxon using a statistical Bayesian approach (Muncl
et al 2008). In brief, this method calculates with what probability each sequence belong to
a particular clade by considering its position in a phylogenetic tree based on GenBank
sequences. In the calculation of these probabilities, uncertainties regarding phylogeny,
models of evolution and missing data are taken into account.

Real-time PCR

By using quantitative real-time PCR assay, designed to target a homologous and comparabl
sized mtDNA fragment of the 16S gene (129bp in each taxa), we directly investigated the
amount of comparable fragments of sheep, cow and goat mtDNA in the soil extracts, The
gPCR assay was designed to allow simultaneous ampli cation of mtDNA from all three
species for each conserved mammalian primer set (see Figure 3). In the gPCR reaction, 5
labelled MGB probes (Applied Biosystems, Foster City, California), were used, designed
to bind speci cally to, and differentiate between, DNA from the three species (Table 3).
Prior to our assay, the speci city of each probe, under the applied gPCR conditions, was
veri ed using control DNA extracts from each taxa. Each gPCR reaction was performed in
triplicate, using a 3-fold dilution series of the template material, with each reaction-series
containing only a single probe at atime. To accurately compare and quantify the DNA levels,
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Figure 4. Relative abundance of clones identi ed with more than 50 per cent posterior probability to a taxonomic group

shows an overall decline over time towards the Norse abandon of the site while sheep DNA
content remains more stable with relatively low template copy numbers, probably re ecting
background variation (Figure 5).

Replication

The Ancient DNA Research Laboratory at Murdoch University, Australia, independently
con rmed the presence of ancient DNA in the samples, using generic mammal primers
designed to target the 12S gene (151bp). The results showed that the 12S gene could be
ampli ed for cattle, sheep and goat in the two samples dated to AD 1215-1285 and AD
1305-1365.

Discussion

The aim of this study was to test the usefulness of aDNA from sediments (ancient ‘dirt’
DNA) in an archaeological context, using the Greenland site, ‘The Farm Beneath the Sand’,
(GUS) as a case study. The site was known to have been occupied by No&se ft660-

1400. Speci cally, we aimed to investigate to what extent DNA is preserved in sediments of a
core taken from the ancient elds around the GUS farm. We wanted to explore if such ‘dirt’
DNA can be used in a quantitative assay to estimate the relative change in livestock through
time by comparing the results to the well-described bone record excavated from the GUS
farm. Importantly, in comparison to previous ‘dirt’' DNA publications the samples differ in
several ways: 1) the deposits are anthropogenic in origin; 2) the sediments have remained
wet and unfrozen during prolonged periods of time; and 3) the core was taken at what was
then an unprotected open eld. This combination has not previously been investigated.
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Figure 5. The amount of cattle DNA uctuates through time with the overall trend being a decline from of 2200 templa
copies pgaiL extract to@l. Sheep DNA remain relative stable over time starting with 136 template lcepigaqier

Although a previous study of ancient ‘dirt’ DNA from wet settings in New Zealand
revealed downward molecular movement of sheep DNA between stratigraphic layers (Haile
et al 2007), there are several lines of evidence suggesting that DNA leaching is a minor
factor at the GUS site. First, the overall relationship between increasing concentration
and sediment depth of cattle DNA is directly opposite of what was previously found for
downward DNA movement —where concentration decreases with deptét @ aido7).

This interpretation is supported by a fairly constant concentration of sheep DNA across
strata, a pattern previously associated by ‘dirt’ DNA stability (Figure 5). Secondly, although
an upward movement of DNA could possibly account for the cattle result, this can be
discounted by the fact that no DNA from livestock is recovered in the uppermost layers,
after the area was abandoned by the Norse (Figure 5). Finally, the DNA results are in overall
agreement with the livestock fossil record (see below) including the decrease in cattle DNA
AD 1180-1260, which most likely re ects the actual history of the site; in this period the
farm was abandoned, but still occasionally used by adjacent farms for grazing of livestock
(Panagiotakopulet al 2006). Thus, the evidence af rms that the DNA preserved in the
sediments of the GUS site has remained in place after deposition. This is important, because
it suggests that DNA leaching is not necessarily a general feature of wet conditions, even
if the sampling site is open and exposed, a conclusion supported by ‘dirt’ DNA results
from lake cores (Rasmussenl n.d.). In fact it is possible that the previous evidence of
DNA leaching results from the extremely high quantity of sheep at the New Zealand site
investigated, resulting in DNA ‘oversaturation’ of the sediments.

The DNA from cattle, goat and sheep shows variable relative abundance over time
(Figure 4) with an overall decline of cattle towards the time the site was abandoned
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(Figure 5). Excitingly, the result is in agreement with the bone record, suggesting that
the number of cattle at the farm decreased during the investigated time period relative to
wild animals, (primarily seal) (Enghoff 2003: 89-96). Thus, from about AD 1000-1150,
seal bones constitute 28 per cent of all the animal bones found in the farm buildings and
41 per cent frona. AD 1300-1400. In the same period cattle decreases from 15 per cent to

6 per cent whereas caprine (sheep and goat) increases from 27 per cent to 33-35 per cent
(Enghoff 2003: 89-90). Interestingly, the presence of reindeer DNA speak in favour of open
grass elds close to the farmhouse, with reindeer grazing in late summer/early autumn.
According to the animal bone record, sheep and goats made up the majority compared to
cattle (Enghoff 2003: 87). The opposite pattern in DNA distribution may be explained by

the hypothesis that cattle for milking, and perhaps a few milking sheep, were kept close to
the farmhouse, whereas the majority of the sheep — kept primarily for the wool — grazed the
distant elds. It may, however, also be explained by the fact that only the cattle, and very
few sheep and goats, were stabled during the winter — producing less sheep and goat manure
to be spread in the grass elds. o)

Overall, the conformity between the cattle DNA and fossil data is signi cant, given thﬁ
the samples of animal bones came from excavations inside the farm building (Enghoff 20g3),
while the core samples in the present study are from the anthropogenic soil accumul&ted
around the site. Domestic animals living at the farm and the surroundings are fossilised just
like the seals, as dead animal parts. However, the amount and distribution of DNA is very
different. For example, cow and sheep living at and around the farm leave traces of DNA
through their dropping and urine all year round, while what the seal cadavers leave behind
only contributes to the ancient DNA pool what is not eaten or otherwise utilised. So, in
principle, the archaeological excavations and the DNA samples from the anthropogenic
soil represent two independent sources of evidence, telling different parts of the same story
and although the two approaches sample the site very differently, the independent results
support each other. Importantly, however, several aspects can in uence the quantitative
DNA analysis. The speci city of the probes used in the study could be different and hence
affect the reactions. Though an effort was made to eliminate the effects of inhibition in the
PCR reactions, it could still play a role.

The interpretation that the ‘dirt’' DNA comes from faeces and urine, rather than cadavers
and bones of dead animals, is supported by the fact that we were not able to identify any
seal DNA in the anthropogenic soil, and except for reindeer and mouse, we recorded no
DNA from wild animals at all. It is likely that urine and faeces was deposited in a byre
and then removed during ‘mucking out’, or directly from animals near the farm (compared
with Schweger’s allochthonous components in subunit 3B). Seals would have arrived at
the site as dead carcasses or butchered lumps of meat only to be cooked and consumed b
occupants of the farm, whereas reindeer could have utilised elds around GUS, especially
if the farm had been vacated for any period of time. According to traditional Norse eld
management (e.g. Bruun 1928), domestic animals were byred through the winter and fed
on fodder collected from pastures adjacent to the farm. With spring, byred animals were
released. Animals for milking were kept close to the farm, while the rest were moved to
more distant out elds or possibly even to saetters/shielings, which were distant summer
farms. Not to jeopardise the fodder yield, domestic animals would only have been kept on
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the pastures after the grass was cut for winter fodder in late summer. The GUS byre and
sheep/goat stables were ‘mucked out’ annually and the waste deposited on the grass elds t
ensure their continued high fertility (Schweger 1998). The anthropogenic soil at GUS was
formed from this annual increment of manure, and while we know it was spread over at
least 450m, we have no idea how far it may have extended into the old oodplain (Schweger
1998: 16). Byre/stable manure added to the grass elds would have deposited DNA of the
domestic livestock directly on to the eld.

Conclusion and implications

Previous studies on ancient ‘dirtt DNA have focused on ‘natural’ permafrost settings
(Willerslewvet al 2003; Lydolpret al 2005; Hansemt al 2006) or wet or dry cave/rock

shelter sites (Hofreitet al 2003; Haileet al 2007). Our results show that ancient ‘dirt’

DNA can be preserved in anthropogenic sediments at least on a historical timescale, even i
the site has remained open, unprotected and non-frozen for extensive periods. Importantly,
the data also suggests that the effects of DNA leaching are not prohibitive for all wet and
unfrozen settings. In an archaeological context, ancient ‘dirt’' DNA proved highly informative
and our research has re ned a series of previous interpretations of the Norse life by adding
information not revealed to the naked eye. Our DNA identi cations have gone further than
previous biomolecule (lipid based) analyses, which separated herbivorous from omnivorous
and made distinctions within the omnivorous class, but was not able to make distinctions
within the herbivorous class (e.g. Bu#ll 1999). In the future, ancient ‘dirt’ DNA has the
capacity to be used more vigorously to investigate the diet of past cultures and possibly the
genetic composition of the inhabitants, even in cases where no human and animal remains
are preserved. However, we do advocate for more comparative investigations, in which
bone records and DNA results are compared, before one can be con dent in archaeological
interpretations on ancient ‘dirt’ DNA results. Given the bene ts of the molecular data

in understanding ‘The Farm Beneath the Sand’ we urge archaeologists to consider sterile
sampling of sediments in and around archaeological sites for ancient DNA pro ling.
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